[1] The seasonal variability of the diurnal tide in the mesosphere and lower thermosphere over Maui, Hawaii (20.7°N, 156.3°W), is investigated using meteor radar horizontal wind measurements from the years 2002 to 2007. The semiannual oscillation (SAO) of tidal amplitudes is dominant above ∼88 km, with amplitudes at equinoxes 2-3 times larger than at solstices. Below 88 km, the annual oscillation (AO) dominates, and its magnitude is smaller than the SAO. The AO dominates in the phase variation of the diurnal tide, which advances in winter and lags in summer as compared with equinoxes. The vertical wavelength also has a noticeable seasonal variation with shorter vertical wavelengths found at equinoxes. The reconstructed diurnal tide from the Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) Doppler interferometer (TIDI) and Sounding the Atmosphere using Broadband Emission Radiometry (SABER) measurements is compared with the meteor radar observation, and a consistency is found in the seasonal variation of the tidal amplitude. On the basis of the TIDI and SABER measurements, the migrating diurnal tide (DW1) is the dominant tidal component, while three other nonmigrating tides, DW2, DS0, and DE3, are nonnegligible. The seasonal variation of the diurnal tide is well captured by the global scale wave model and the Whole Atmosphere Community Climate Model, although important discrepancies still exist.
Introduction
[2] Atmospheric tides have large amplitudes and significant influences in the mesosphere and lower thermosphere (MLT) region as they propagate upward from the troposphere and lower stratosphere. Tides are important not only because their amplitudes are comparable to the magnitude of the mean winds, but also because their interactions with planetary waves (PWs) and gravity waves (GWs) play influential roles in atmospheric dynamics [Fritts and Vincent, 1987; Norton and Thuburn, 1999; Liu et al., 2007] . Tides can affect the propagation of GWs as a part of the background flow [Lu et al., 2009] and modulate GW momentum fluxes [Espy et al., 2004] while tidal structures can be significantly adjusted by GW forcing at the same time [Fritts and Vincent, 1987; Ortland and Alexander, 2006] . Additionally, migrating tides can interact with PWs and generate nonmigrating tides [Hagan and Roble, 2001; Forbes et al., 2003; Mayr et al., 2005a Mayr et al., , 2005b Liu et al., 2007] . Tides can also affect the thermal and dynamic structures of the atmosphere, which may result in the increase of the temperature gradient and/or wind shear and lead to instabilities [Hecht et al., 1997; Liu et al., 2004; Li et al., 2009; Yue et al., 2010] .
[3] Migrating tides are mainly excited by the absorption of near-infrared solar radiation by water vapor in the troposphere and ultraviolet solar radiation by ozone in the stratosphere [Forbes, 1995] . Migrating tides in the MLT can also be excited locally through the absorption of ultraviolet radiation by oxygen atoms in the thermosphere [Forbes, 1995] . The migrating diurnal tide reaches the maximum temperature amplitude around the equator and reaches the maximum horizontal wind amplitude around 20°latitude [McLandress et al., 1996; Wu et al., 2008] . Nonmigrating tides are mainly excited by latent heat release in the tropical region [Hagan and Forbes, 2002] and nonlinear interactions between the migrating tides and quasi-stationary PWs [Hagan and Roble, 2001; Lieberman et al., 2004] . On the basis of the seasonal variations of nonmigrating tides studied by Forbes et al. [2003] , the maximum amplitudes for DW2 meridional wind occur during October-November and January-February; the maximum amplitudes for DE3 in the zonal wind occur during June-October; DS0 exists for every month, but it is stronger in the Southern Hemisphere. Here we utilize the notion D to represent diurnal tide and W, E, and S to denote the westward propagating, eastward propagating, and stationary tides, respectively. The numbers following them correspond to the zonal wave numbers. Each denotation, e.g., DW1, represents one tidal component. The similar seasonal variations of the three most dominant nonmigrating diurnal tides DW2, DE3, and DS0 were also shown by the Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) Doppler interferometer (TIDI) wind measurements [Oberheide et al., 2006] . Note that from a single-station measurement, the combined effects of both migrating and nonmigrating tides are observed, which contribute to both seasonal and longitudinal variations of the diurnal tide [Forbes et al., 2003] .
[4] The classical tidal theory [Chapman and Lindzen, 1970] provides a first-order prediction of the tidal structures in terms of modal latitudinal structure (Hough modes) and vertical wavelengths. It involves a set of linearized and simplified primitive equations governing the global-scale tidal oscillations. It is assumed that the atmosphere is isothermal and motionless, leading to a separation of Laplace's tidal equation determining the latitudinal structure of tides and a vertical structure equation, connected by equivalent depths (eigenvalues) [Forbes, 1995] . Associated with a particular equivalent depth, a certain solution (Hough mode) is prescribed for the Laplace's tidal equation. So each Hough mode has a unique equivalent depth which is related to its vertical structure and a unique latitudinal distribution. The generation and superposition of different modes in different seasons is considered to be a potential mechanism for the seasonal variation of tides [Forbes and Hagan, 1988; Oberheide and Forbes, 2008; Zhang et al., 2011] .
[5] There are plenty of observations on the semiannual oscillation (SAO) of the amplitude of the diurnal tide based on both single-station and satellite measurements. The SAO contributes to the largest variability of the diurnal tide at low latitudes and has been extensively reported from equatorial to polar regions based on radars [Tsuda et al., 1988; Franke and Thorsen, 1993; Chang and Avery, 1997; Hocking et al., 1997; Vincent et al., 1998; Deepa et al., 2008] , lidars [States and Gardner, 2000; She et al., 2004; Yuan et al., 2006] and satellite observations [Burrage et al., 1995; McLandress et al., 1996; Huang and Reber, 2003; Wu et al., 2008; Xu et al., 2009] . Among all these observational analyses, the diurnal tide has a significant seasonal variability with larger (smaller) amplitudes at equinoxes (solstices).
[6] Although there have been many observations on the seasonal variability of the diurnal tide, most were located at middle and high latitudes or near the equatorial regions. High-resolution and long-term observation of the diurnal tide at a low latitude site is still rare. During the Maui mesosphere and lower thermosphere (Maui MALT) campaign, a multiyear observation of horizontal winds was obtained with a meteor radar from May 2002 to June 2007 in Maui, Hawaii (20.7°N, 156.3°W) [Franke et al., 2005] . This is the latitude where the diurnal tide in horizontal winds reaches the maximum amplitudes. One of the goals for this paper is to identify the most important tidal components that dominate the amplitude variation. A second goal is to study the seasonal variability of the diurnal tide in terms of phase, vertical wavelength, propagating and dissipation characteristics, which were less frequently addressed in the previous literature.
[7] The investigation of the mechanisms causing the seasonal variation requires in-depth model simulation, which is beyond the scope of this paper. Many model simulations are dedicated to explaining these physical mechanisms, upon which we will give a more detailed discussion in section 6. In this study, the observations are compared to the global scale wave model (GSWM) and Whole Atmosphere Community Climate Model (WACCM). The GSWM is a sophisticated linear tidal model while WACCM is a whole atmosphere model with most realistic atmospheric components. Both models provide reasonable seasonal variations of the diurnal tide. We will use the models' capabilities of capturing the tidal seasonality to systematically investigate the mechanisms in a follow-up work. Here, we focus on the consistencies and differences found between observations and model simulations.
[8] In section 2, we describe the meteor radar data and the method of deriving horizontal winds from meteor trails, the TIMED satellite measurement and the method for it to derive tides. It is followed by an introduction of the GSWM and WACCM. We present the seasonal variabilities of tidal amplitudes, phases, vertical wavelengths, and propagation and dissipation characteristics based on meteor radar observations in section 3. In section 4, the TIDI TIMED wind measurement is used to retrieve the nonmigrating tides from DW5 to DE3, and the Sounding the Atmosphere using Broadband Emission Radiometry (SABER) TIMED temperature is used to obtain the migrating diurnal tide by applying the Hough mode extension (HME) method [Oberheide and Forbes, 2008] . The contribution from migrating and nonmigrating diurnal tides to the seasonal variation is identified. In section 5, the corresponding tidal characteristics are obtained from the GSWM and WACCM and compared with observations. Discussions on the potential mechanisms for the tidal variabilities are given in section 6 and the conclusions are in section 7.
Data Analysis and Numerical Models

Meteor Radar Observation
[9] Currently, there are almost 30 meteor radars distributed worldwide, and more are under development [Hocking, 2005] . The University of Illinois at Urbana-Champaign (UIUC) Maui meteor radar system used an all-sky interferometric meteor radar (SKiYMET) [Hocking et al., 2001] operating at 40.92 MHz. The meteor trails were illuminated by one three-element Yagi antenna directed toward the zenith with an average transmitted power of approximately 170 W from a 13.3 ms pulse length, 6 kW peak envelope power and 466 ms interpulse period. The backscattered signals were received by five two-element Yagi antennas oriented along two orthogonal baselines and they were sampled every 13.3 ms, resulting in a range resolution of 2 km. The receiving antenna in the center was at the cross of the two orthogonal baselines, with the outer antennas being separated from the center antenna by 1.5 and 2.0 wavelengths [Franke et al., 2005] .
[10] Wind velocities were determined from the trail positions and Doppler shifts [Hocking et al., 2001] with an assumption that the horizontal wind field is uniform within a time-height interval and the vertical wind is neglected. A weighted least squares fit was used to minimize the weightedresidual and determine the values for horizontal winds [Franke et al., 2005] :
where v r i is the measured radial velocity, i and ' i are the zenith and azimuth angles of the ith meteor trail. The inverse of the weighting function s i was related to zenith angle i and distance r i of the ith meteor echo. When the RMS uncertainty of the radial velocity exceeded 7 m s −1 , the echo was discarded. In fact, the value of the weighted-residual term c 2 is a measure of fluctuations about the uniform wind fields. It serves as a crude indicator of gravity wave activity and turbulence strength [Liu et al., 2002] .
[11] The least squares fit was based on echoes collected within 1 hr time bin. The height resolution was determined by RMS uncertainties in distance and zenith angle. The meteor data were binned into a height interval of 4 km. Consequently, the data had 1 hr time and 4 km height resolution. The vertical profiles were then oversampled at a 1 km height interval. In Maui, most echoes were detected around 90 km and within the zenith angle 40°-60°. For meteors at 90 km and with zenith angle 50°, the height uncertainty was ∼2.2-3.9 km [Franke et al., 2005] . The detection rate of the meteor radar strongly depends on altitude and season. Generally, the highest detection rate is detected at solstices and lowest at equinoxes. The average detection rate can reach 7000 per night in summer and winter, which is as twice large as that in the spring and fall.
[12] After the horizontal winds were obtained, a nonlinear least squares curve fit in a form of sinusoidal function was used to derive wind amplitudes and phases of the diurnal tide. The period of the sinusoidal function was 24 h. It was applied in a window of 5 days. Horizontal winds were linearly detrended in order to remove mean background winds before fitting. The amplitude derived by using a narrower window is slightly larger but the phase is more likely contaminated and wrongly shifted by coexisting semidiurnal tides or inertial GWs. A wider window in the time domain introduces contributions from PWs. The window width of 5 days was chosen to obtain more stable and accurate phase information while minimizing the PW contamination at the same time. In order to be consistent with the phase provided by the GSWM, we define it as the local time (LT) corresponding to the first maximum amplitude. The amplitudes and phases were recorded and used as valid data points where 80% of the total points fell within the fitting window. The window was stepped forward in time by every 5 days to obtain the variation of amplitudes and phases. No overlapping is present and derived values are independent. This procedure was performed from 80 to 100 km with an interval of 1 km.
TIMED Tide Observations and the HME Method
[13] The TIMED satellite is quasi Sun synchronous, and it precesses slowly in local time (3°d −1 ) or 12 h in 60 days. The satellite has ascending and descending nodes, which are separated by about 10 h. The satellite can cover 24 h local time for every 60 days if ascending and descending nodes are combined [Oberheide et al., 2006; Wu et al., 2008] . Thus the tidal amplitude represents a mean value averaged in a 60 day window. TIDI measures the neutral winds via limb scanning the upper atmosphere airglow layers and monitoring the Doppler shift by winds . SABER measures the vertical radiance profile and emission of the atmosphere from which the kinetic temperature can be inferred [Russell et al., 1999] .
[14] Nonmigrating diurnal tides DW5 to DE3 are derived from TIDI wind observations using the National Center for Atmospheric Research data version V0307a [Wu et al., 2008] and the two-dimensional Fourier analysis described by Oberheide et al. [2006] who also provide details of amplitude and phase errors. As a rule of thumb, amplitude accuracy (precision) is about 10% (1 m s −1 ) and phase precision is between 1 and 2 h. The migrating tide DW1 from TIDI is of limited quality because of instrumental and sampling issues. Therefore, DW1 from SABER TIMED migrating tidal temperature analysis and Hough Mode Extension (HME) modeling is used. HME modeling is an approach to convert observed temperature tides in a self-consistent manner into tidal winds. It is discussed in detail by Oberheide and Forbes [2008] and follows the procedure of Svoboda et al. [2005] . Systematic comparisons with ground-based observations made during the CAWSES tidal campaigns show that DW1 winds derived from temperatures are a realistic representation of the true DW1 winds [Ward et al., 2010] .
Numerical Models
[15] The GSWM is a two-dimensional, linearized, steady state numerical tidal and PW model which extends from the ground to the thermosphere . It solves the linearized perturbation equations in the presence of a prescribed background atmosphere, IR and UV solar forcing and dissipation profiles (GSWM00). The nonmigrating atmospheric tide was simulated by GSWM02 including latent heat release associated with deep tropical convection [Hagan and Forbes, 2002] . The GSWM is widely used for comparing the tidal amplitude and phase with observations at different locations [Vincent et al., 1998; Leblanc et al., 1999; Kishore et al., 2002; She et al., 2002; Deepa et al., 2006; Yuan et al., 2006] . Some features including seasonal variabilities are well captured by the GSWM.
[16] The WACCM is a general circulation model (GCM) extending from the Earth's surface through the lower thermosphere and is based on the Community Atmosphere Model (CAM) [Garcia et al., 2007] . The gravity wave drag and vertical diffusion parameterizations are newly modified for WACCM3.5 in which frontal system and convective GW source parameterizations are used for nonorographic wave sources, instead of an arbitrarily specified GW source spectrum [Richter et al., 2010] . The seasonal variation of the diurnal tide is also well simulated in the WACCM . The WACCM4 is newly released as a part of the Community Earth System Model 1.0 (CESM1.0) and used for this study. WACCM is a self-contained and nonlinear model. The diurnal tide in the WACCM is capable of interacting with other tidal components, the mean flow and parameterized GWs [Chang et al., 2008; Richter et al., 2008] .
[17] We use both models to obtain monthly mean amplitudes, phases and vertical wavelengths of the diurnal tide at the location corresponding to Maui and compare them with observations. Monthly mean wave amplitudes and phases are provided by the GSWM00/02. A 1 year run of the WACCM4 with 3-hourly output of horizontal wind fields enables us to derive the monthly mean amplitudes and phases of the diurnal tide by fitting a sinusoidal function with a period of 24 h.
Observations and Results
Five Year Climatology of Monthly Mean Amplitudes and Phases
[18] In order to focus on the seasonal variability of the diurnal tide and suppress the synoptic and intraseasonal oscillations, the amplitudes and phases from radar observation are averaged monthly and shown in Figures 1 and 2 , respectively. This averaging eliminates the oscillations with periods less than one month. Notice that the color scales for zonal and meridional components are different and the meridional amplitudes are generally larger than the zonal counterparts by up to a factor of 1.5. The maximum monthly mean amplitude of the diurnal tide in zonal wind is ∼44 m s −1 and in meridional wind is ∼56 m s −1 . The minimum monthly mean amplitudes are at the beginning of 2005, when the amplitudes for the zonal and meridional winds are below ∼10 and ∼15 m s −1 , respectively. The amplitude uncertainties from the nonlinear curve fitting are on the order of 1-2 m s −1 , much smaller than the minimum amplitudes.
[19] Figure 2 shows the monthly mean phases from the meteor radar observation as a function of local time, which corresponds to the time of maximum tidal amplitude. The decrease of phase with altitude indicates that the wave energy propagates upward and the wave source is below 80 km. The tidal phase of the meridional wind is leading that of the zonal wind by ∼6 h below 96 km and ∼8-10 h above, which may imply the superposition of the migrating and nonmigrating diurnal tides. The phase uncertainties are less than 1 h at all altitudes. The smallest uncertainties are ∼0.4 h for the zonal wind and ∼0.25 h for the meridional wind at 90 km where the number of meteor echoes is largest.
[20] Figures 1 and 2 show significant seasonal and interannual variations of the amplitudes and phases of the diurnal tide. We will discuss the seasonal variation in detail in section 3. 1982] is applied to derive the spectral power densities of the amplitudes shown in Figure 1 . The LS periodogram is a powerful tool to treat unevenly sampled data and locate peak frequencies precisely, providing an optimal method to analyze the data set with gaps.
[21] Figure 3 shows the spectral density of tidal amplitude fluctuation (unit of m 2 s −2 ) for the zonal wind (Figure 3 , top) and the meridional wind (Figure 3, bottom) . The peak frequencies at different altitudes are identified and marked by white squares. It illustrates that the strongest oscillation in amplitudes is the SAO while the AO is also significant. A period of ∼24 months is found for the tide in meridional wind but this oscillation is not significant in the zonal wind. Xu et al. [2009] found that the period of a quasi-biennial oscillation (QBO) for the migrating diurnal tide was 24-25 months in the mesosphere and it was variable in the stratosphere. Besides the SAO and AO, other oscillations with periods around 8 and 4 months are also noticeable, which are possibly caused by the interference between AO and QBO and between AO and SAO, respectively. The same method is applied for the phase and the dominant oscillation is found to be the AO (not shown).
[22] Figure 3 also shows that the dominant oscillation changes with altitude. For the diurnal tide in the zonal wind, the SAO dominates above 87 km and becomes the strongest at 93 km. Below that, the AO dominates but the intensity is much weaker. A similar dominance transition for the meridional wind occurs at 88 km. The strongest SAO for the tide in meridional wind is located at 95 km. The dominant oscillation of the amplitudes could be affected by the variability in the mean background winds and/or other waves that would interact with tides and modulate their amplitudes. [23] The amplitudes of the AO and SAO of the tidal amplitudes are larger in the meridional wind than those in the zonal wind. For the diurnal tide in the zonal wind, the maximum amplitude of the AO is ∼4.5 m s −1 at 84 km and the SAO is ∼7 m s −1 at 93 km. For the diurnal tide in the meridional wind, the maximum amplitude of the AO is 8 m s −1 at 85 km and the SAO is ∼9 m s −1 at 95 km. Above 87-88 km, the amplitudes of the SAO exceed those of the AO and dominate the amplitude oscillation, which is consistent with the LS periodogram spectra. The phases of the SAO (around March and September) are similar for tides in zonal and meridional winds with relatively small variations with altitude. Unlike the SAO, the phases of the AO vary gradually with altitude, starting from July-August at 80 km and receding to March-April at 100 km for the diurnal tides in both zonal and meridional winds. 
Seasonal Variabilities
[24] According to Figure 1 and the LS spectral analysis, the SAO of the diurnal tide is most significant as it shows a larger amplitude at equinox and smaller at solstice by a factor of 2-3. In order to display the seasonal variability more clearly and remove the interannual effects, we averaged the monthly mean tidal amplitudes (Figure 1 Figures 5a and 5b, respectively. The diurnal tide in zonal wind is strongest at the spring equinox (March-April) and less strong at the fall equinox (September-October) while the strength of the tide in meridional wind is more comparable at the spring and fall equinoxes. This can be seen in Figure 1 also for 2003, 2004, and 2005 , when observations during both spring and the fall equinoxes are available. The white squares denote the altitudes corresponding to the maximum amplitudes, which indicates that the diurnal tide starts to dissipate above 95 km. On the basis of the TIDI wind measurement at 21°N, Wu et al. [2008] showed that the DW1 component also reached its maximum amplitude around 95 km.
[25] Figures 5c and 5d show the maximum amplitude between 80 and 100 km for each month in 1 year, corresponding to the values highlighted by the white squares in Figures 5a and 5b. After being averaged for 5 years, the largest maximum monthly mean amplitude of the diurnal tide is ∼32 m s −1 in the zonal wind, occurring in March at 93 km. It is about twice as large as the smallest maximum amplitude in December at 96 km with a value of ∼15 m s −1 . In January and June, the diurnal tides in zonal winds are also quite weak. Unlike the zonal winds, two peaks in maximum tidal amplitudes for the meridional winds are observed in March and September. They are of the order ∼40 m s −1 and about 3 times larger than the smallest maximum amplitudes at the winter solstice (December-January). The diurnal tide in the meridional wind is also weak in May with an amplitude of ∼20 m s −1 .
[26] The seasonal variability of the amplitude of the diurnal tide has often been reported in scientific literature as we referred in the introduction part of this paper. Their phase variation is less frequently addressed. A close examination of the phase variation is crucial for quantifying the effect of the mean wind [McLandress, 2002a] and GW-tidal interaction [Ortland and Alexander, 2006] . To provide a detailed local phase variation of the diurnal tide, the monthly mean phases (Figure 2 ) are also averaged for 5 years and are shown in Figures 6a and 6b . It is most significant that the observed phases vary with season, advancing to earlier local times in winter and delaying to later times in summer as compared with equinoxes, illuminating a dominant annual oscillation. The phase transition at the fall equinox is much smoother than spring equinox, especially for the zonal wind. Approximately 2 h phase differences are observed in March/ April and May/June in the zonal wind because of the advance of phase in April and May. A smaller phase advance (∼1 h) is also found in April in the meridional wind.
[27] Quantitative evaluations on the phase variations at 90 km are shown by the black lines with squares in Figures 6c and 6d for the diurnal tides in zonal and meridional winds, respectively. This is the altitude where the strongest meteor signals are detected at Maui and the phase errors are the smallest. At 90 km, the phase error is ∼0.9 h for the zonal wind and ∼0.6 h for the meridional wind. The monthly mean phases averaged within all the altitudes based on Figures 6a and 6b are also given and are represented by red lines with squares in Figures 6c and 6d . It is expected that they are close to the phases at 90 km, the center of the radar altitude range.
As mentioned earlier, it shows that the diurnal tide in the meridional wind leads the zonal wind by about 6 h but the exact phase differences vary with both altitude and season. For instance, the phase difference between the zonal and meridional winds in the wintertime tends to be larger than that in the summertime. At 90 km, the largest phase difference of 8 h occurs in December and the smallest one is 5 h in July.
[28] Meanwhile, it is not hard to notice that the magnitude of tidal phase change within a year is larger in the meridional wind as shown in Figures 6c and 6d . The earliest and the latest local times for the diurnal tide in the zonal wind to reach maximum amplitudes are ∼9.5 LT in December and ∼13 LT in July. For the meridional wind, the corresponding values are ∼2 LT and ∼8 LT. So the phase change of the diurnal tide in the meridional wind is ∼6 h between winter and summer and it is approximately twice as large as that in the zonal wind. The seasonal variation of the tidal phase becomes weaker as altitude increases. At 96 km, the phase differences between winter and summer decrease to half of those at 90 km.
[29] The monthly mean vertical wavelengths are calculated on the basis of the vertical profiles of the monthly mean phases. Figure 7 shows the monthly mean vertical wavelengths, with different symbols representing different years. The 5 year mean vertical wavelengths are denoted by the two solid lines. The black line is for the diurnal tide in the zonal wind, and the red line is for the meridional wind. The vertical wavelengths are mainly between 20 and 45 km. In most cases, the vertical wavelengths of the zonal wind (black solid line) are 2-3 km longer than those of the meridional wind (red solid line). As we discussed in the seasonal variability of the tidal phase, above 96 km where DW1 starts to dissipate, the interference of nonmigrating tide is more important and some nonmigrating tides such as DE3 can have longer vertical wavelengths (∼56 km). According to the TIDI wind observation on the seasonal variations of nonmigrating diurnal tides, DE3 has a larger amplitude in the zonal wind than the meridional component [Oberheide et al., 2006] and it reaches the maximum amplitude at a much higher altitude (∼110 km) [Zhang et al., 2010] . The strength of DE3 is comparable to the migrating diurnal tide in the lower thermosphere . The singlesite meteor radar measurement, the vertical wavelength of the diurnal tide is a superposition of the migrating and nonmigrating diurnal tides, especially at altitudes where their magnitudes are comparable. The superposition of migrating and nonmigrating diurnal tides can change the phase, thus changing the vertical wavelength of the diurnal tide.
[30] Although the month-to-month and year-to-year variations of the vertical wavelengths seem to be irregular, there is a clear and consistent seasonal trend. Generally, the vertical wavelengths tend to be shorter at equinoxes and longer at solstices. From May to September, the mean wavelengths decrease from ∼37 to ∼25 km and increase from September to December. In December and January, larger vertical wavelengths are often observed. From January to March, the wavelengths decrease again, but not as remarkably as the decrease from May to September.
[31] According to classical tidal theory with the assumption of isothermal and motionless atmosphere, the predicted vertical wavelength for the (1, 1) Hough mode is around 28 km [Forbes, 1995] . For the migrating diurnal tide, the Hough modes associated with negative or large positive equivalent depths are trapped in the source region and it is more difficult for them to propagate up to the MLT. Although the vertical wavelengths for (1, 2) and (1, 3) Hough modes are positive (16 and 11 km), they are smaller than the vertical wavelength of the (1, 1) Hough mode, so the two modes are more vulnerable to wave dissipation because of larger vertical diffusion [Forbes, 1995] . So the (1, 1) Hough mode is dominant for the tidal component DW1. In addition, the latitudinal structure of the (1, 1) Hough mode is symmetric in the zonal wind and antisymmetric in the meridional wind. In the Northern (Southern) Hemisphere, the tidal phase of the meridional wind advances (lags) the zonal wind by 6 h. The dominance of the (1, 1) Hough mode is supported by the meteor radar observation according to the distribution of the vertical wavelength and the phase shift between zonal and meridional winds (Figure 6 ).
[32] It is noticeable that the vertical wavelength in Figure 7 indicates a complex distribution. Most are within 20-40 km but with considerable variability. This is not surprising because there are many factors controlling the vertical structure of the tides. For instance, the change of the background temperature can alter the scale height and thus change the vertical wavelength [Forbes, 1995] . Superposition of nonmigrating tide and mode coupling may also have impacts. Mayr et al. [1999] used a nonlinear, 3-D, timedependent numerical spectral model (NSM) which incorporated the Doppler spread parameterization (DSP) [Hines, 1997a [Hines, , 1997b for small scale GWs to study the diurnal tide and mean zonal circulation. They reported that between 80 and 120 km, the GW source could amplify the diurnal tide and reduce the vertical wavelength. On the basis of a mechanical model, Ortland and Alexander [2006] found that the vertical wavelength of the diurnal tide was much shorter if GW momentum forcing was included in the simulation. Ortland [2005] also reported that equatorial and midlatitude jets could affect the horizontal structure and vertical wavelength of the tidal modes.
[33] As we discussed in section 3.2, the diurnal tide starts to dissipate above ∼ 95 km. The diurnal tide propagates upward and reaches maximum amplitude between 92 and 97 km for the zonal wind and between 90 and 94 km for the meridional wind. Above that, severe dissipation occurs and the amplitudes decrease sharply. By comparing the peak altitudes of the maximum amplitudes between observation and models, we can determine whether the dissipation is appropriately accounted in models. For instance, a sensitivity test on the diurnal tidal response to the GW parameters showed that a proper GW spectrum is a key to drag the peak altitude down from above 100 km to ∼ 95 km [Ortland and Alexander, 2006] . As will be pointed out in section 4, the altitudes of maximum amplitudes were not well simulated by either the GSWM or WACCM. The study of growth and dissipation characteristics of the diurnal tide can provide a comparison for the models which may help them to constrain the GW spectrum and other dissipation parameters.
[34] In order to quantify growth and dissipation rates, we defined two scale heights H 1 , H 2 in equation (2). H 1 is positive and describes the amplitude growth rate from the lowest altitude Z 0 = 80 km to altitude Z max where the maximum amplitude A max is reached. H 2 is negative and describes the amplitude dissipation rate from altitude Z max to the highest altitude Z 1 = 100 km. A 0 and A 1 are the wave amplitudes at lowest altitude Z 0 and highest altitude Z 1 , respectively.
We define a total amplitude as follows and use it to calculate the growth and dissipation rates of the diurnal tide:
where A zonal and A merid are amplitudes for tides in zonal and meridional winds, respectively. Since the DW1 component is dominant, it is still a good approximation to take the growth and dissipation rates on the basis of the total tidal amplitudes.
[35] Figure 8 is a histogram showing the distribution of scale heights H 1 (positive side) and H 2 (negative side) for all the seasons. The mean values for scale heights are H 1 ≈ 9.4 km and H 2 ≈ −7.5 km. Figure 9 displays the monthly mean scale heights, and error bars are deviations resulting from scale height variations within each month. Figures 8 and 9 demonstrate that for some cases the diurnal tide can freely propagate (H 1 ≈ 7.5 km) before dissipation. The dissipation rate has the same order as the amplitude growth rate. According to Figure 9 , the mean positive scale heights H 1 are smallest in winter and spring and increase as time goes to summer and fall thus an AO is present for H 1 . It is shown in Figure 4 that as the AO dominates the amplitude variation, larger amplitudes are found in July and August which correspond to larger scale heights in Figure 9 . It implies that the growth rate tends to be small when the tidal amplitude is large. The most negative mean scale heights H 2 are found in May, December and January, corresponding to slower dissipations. The faster dissipations occur at equinoxes which suggests that the diurnal tide experiences greater dissipation when it is stronger. Therefore, a SAO is found for the dissipation rate.
[36] The dissipation of the diurnal tide has also been reported by McLandress et al. [1996] on the basis of Upper Atmosphere Research Satellite (UARS) observations, and it was found that the diurnal propagating tide grew up to 95 km and decayed rapidly above where molecular diffusion greatly reduced the vertical shears. Chang and Avery [1997] obtained similar results on the basis of radar observations over Christmas Island. The mechanisms for the dissipation are not conclusively revealed. Molecular diffusion is a likely mechanism since it becomes the largest dissipation term above 100 km [McLandress, 2002b] . The destructive interference between migrating and nonmigrating tides and interactions of tides with GWs and PWs are also potential candidates. The study on scale heights provides a preliminary result about the propagation and dissipation characteristics of the diurnal tide, while more observation and modeling work are needed to further identify the physical and dynamical dissipation processes.
Comparisons With the TIMED Wind Tides
[37] According to the studies by Forbes et al. [2003] and Ward et al. [2010] , the superposition of migrating and nonmigrating diurnal tides depends on the longitude because nonmigrating diurnal tides have different wave numbers compared to the wave number 1 of the migrating diurnal tide. The different superposition causes the significant longitudinal variation in the amplitudes and phases of the diurnal tide. The satellite observation provides a global coverage of the tidal fields which can be used to separate each tidal component. The two instruments TIDI and SABER on board the TIMED satellite enable us to retrieve the migrating and nonmigrating tides and thus reconstruct the superposition of them.
[38] Figure 10 shows the monthly mean amplitudes of the migrating and three other nonmigrating diurnal tides at 90 km based on TIMED satellite observations. The migrating diurnal tide (black line) is the strongest for both zonal and meridional winds. DE3 (blue line) and DW2 (red line) are important for the zonal wind and their maximum monthly mean amplitudes are ∼ 10 m s −1 . DW2 is larger than DE3 and DS0 for the meridional wind and the largest amplitude can reach ∼ 20 m s −1 in the year 2005. The nonmigrating tides show their own seasonal variations, different from DW1. For instance, DW1 shows the SAO with stronger amplitude at equinox and weaker at solstice while DW2 and DE3 show the AO. DE3 is stronger in August-September in the zonal wind and DW2 is stronger in the fall and winter time for both zonal and meridional winds. The seasonal variation of DS0 though is not as significant as DW2 and DE3. [39] In order to demonstrate the contribution of nonmigrating tides to the seasonal variation of the diurnal tide, the migrating and nonmigrating diurnal tides are reconstructed by considering both amplitudes and phases in the latitudelongitude grid point corresponding to Maui. All the nonmigrating tides from DW5 to DE3 and the migrating tide DW1 are included, and the amplitude of the reconstructed diurnal tide is illustrated by the blue line in Figure 11 . Meanwhile, DW1 is represented by the dashed black line and the meteor radar observation is represented by the red line in Figure 11 . It is clearly seen that a consistency in the tidal amplitudes is found between the ground-based radar and satellite observations in both zonal and meridional winds. The seasonal variations of the tidal amplitudes from both measurements are also very similar to each other.
[40] The differences between the satellite-reconstructed and radar-observed diurnal tides are possibly due to the errors of calculating the migrating and nonmigrating diurnal tides on the basis of satellite measurements. The amplitude error is about 10% and the phase error is about 1 hr for the migrating tide and the amplitude accuracies for nonmigrating diurnal tide are about 1 m s −1 [Oberheide et al., 2006] . If the amplitude of DW1 equals to 40 m s −1 , the error of the amplitude of the reconstructed tide is around 5 m s −1 and if the amplitude of DW1 is 10 m s −1 , the error is around 3 m s −1 . So for the most of the time, the reconstructed diurnal tide is within the accuracy range and matches the meteor radar observation very well.
[41] Figure 11 also shows that the amplitude of the reconstructed diurnal tide is modulated by the superposition of nonmigrating tides but the seasonal variation is largely determined by the most dominant tidal component DW1. For the zonal wind, some significant changes due to the nonmigrating diurnal tides can be found in the season as both DW2 and DE3 are strong, i.e., August, September and October. Generally, the superposition of nonmigrating tides tends to increase the amplitude during this period.
Comparisons With the GSWM and WACCM on Seasonal Variabilities
[42] Since direct measurements with sufficient time and altitude coverage on background winds, tidal heating, and GW forcing in global scale are not presently available, it is difficult to understand the seasonal variation of the diurnal tide solely on the basis of observations, while models are always useful for facilitating better views on global tidal dynamics. A single-site observation is helpful to verify the model output and provide an opportunity to improve its performance. Here we compare the radar observations with the GSWM and WACCM. It should be noted that the discrepancies between models and observations are not unexpected if the local effects such as stationary PWs and nonmigrating tides are considered. It is challenging for models to realistically simulate the exact local effects in a real time. The longitudinal variation of the diurnal tide due to the interference of migrating and nonmigrating diurnal tides further requires that all the dominant tidal components should be reproduced correctly including amplitudes and phases in order to match the ground-based observation [Ward et al., 2010] . So the heating of tides, temperature and mean winds should be all reasonably captured in the model.
[43] Figure 12 shows the comparisons of tidal amplitudes (Figure 12 , top) and phases (Figure 12, bottom) for the zonal wind, and Figure 13 is for the meridional wind. From left to right are results from the meteor radar, GSWM00, GSWM02 and WACCM, 2. We also calculated the corresponding amplitudes and phases on the basis of TIMED satellite measurements, and the results are similar to what we obtained from meteor radar observation (not shown here). The seasonal variation of tidal amplitudes is well reproduced by both models but the magnitude is not quite consistent. Within the altitude range 80-100 km, the amplitudes reproduced by the WACCM and GSWM00 are comparable to observations while the GSWM02 tends to overestimate the tidal amplitudes. The overestimation of tidal amplitudes by the GSWM02 implies that either wave sources were overestimated or the diurnal tide experienced more dissipation than the model predicted. It is also possible that the phases of the nonmigrating tides relative to the migrating tide are different from observation because the superposition of nonmigrating tides on the migrating tides would change the amplitude for the diurnal tide over the radar station. The WACCM is also capable of reproducing a stronger diurnal tide at the spring equinox than the fall equinox as observed, a feature not reproduced by the GSWM. The reason for the difference is not clear. Factors such as the radiative tidal heating, latent heating, mean winds and GW forcing are all possible influences on tidal amplitudes, and these terms are all different in the GSWM and WACCM (J. Yue and X. Zhang, personal communication, 2010) .
[44] In light of the altitudes corresponding to maximum amplitudes, Figures 12 and 13 show that both models are predicting higher peak altitudes than observations. From observations, the maximum amplitude is at 90-95 km and it is 5-10 km lower than that in the models. In the GSWM00, the diurnal tide can propagate up to 100-105 km and a great dissipation occurs above it. The WACCM predicts more comparable maximum amplitudes at lower altitudes than the GSWM00/02, but they are still slightly higher than observations. From satellite observations, the diurnal tide at 20°N is also found to decrease its amplitude around 95 km [McLandress et al., 1996; Wu et al., 2008] which is consistent with radar observations and lower than the model results. As mentioned in section 3.2, the altitude with maximum tidal amplitude was dragged down by introducing GWs based on a mechanistic model simulation [Ortland and Alexander, 2006] . By including the effect of GW deposition, Mayr et al. [1999] also showed the peak altitude became lower than the simulation without GW deposition (Figure 1 ). So GW forcing is probably one of the important factors to determining the vertical structures of the tidal amplitudes.
[45] The seasonal variation of the phase is also present in models. The GSWM successfully predicts a similar phase advance in winter as the observations but the largest delay occurs in May which is two months earlier than the observation. From the observation, the phase has the largest delay in July and it actually advances for 1-2 h in May which is not reproduced by the GSWM. The seasonal variation of tidal phase is also captured by the WACCM and it successfully simulates the largest phase delay in July as observed. A difference between WACCM and observation exists in the phase delay in November and December in WACCM which is not seen in observations. It should be noted that the year-to-year phase variation is not negligible, and from Figure 2a , the phase from radar observation also shows delays in November and December in 2003 but advances in the other years. The interannual variations such as the QBO are embedded in the WACCM so a longer-term model run is required in future work in order to eliminate interannual effects.
[46] A closer examination leads us to the phase shifts between radar observation and models. At 90 km, the tidal phase varies within 10-13 LT for the radar observation and the phases in GSWM and WACCM vary within 7-10 and 13-16 LT, respectively. So if compared with observation, the GSWM phase leads the radar observed phase while the WACCM phase lags. In a mechanistic model study by McLandress [2002a] , a strong sensitivity of phase change to the mean wind change indicated that the latitudinal shear of the zonal mean zonal wind was crucial to both absolute value and seasonal variation of the phase. By reducing the zonal mean vorticity to zero above the stratopause, the seasonal variation of phase was greatly changed at 98 km, while by reducing the zonal mean vorticity to zero below the stratopause, the phase was advanced by ∼ 6 h at both 70 and 98 km. When the short-wave radiative heating in the troposphere of WACCM is projected onto the DW1 component, the heating is found to be consistent with that derived from the International Satellite Cloud Climatology Project (ISCCP) radiative heat flux (not shown) [Zhang et al., 2010] in that both lack a significant seasonal variation. So the phase difference between the observation and the WACCM is likely to be associated with the difference in the mean wind rather than the heating phase.
[47] On the basis of the monthly mean phases in Figures 12  and 13 , we also calculated and compared the vertical wavelengths reproduced by models, as shown in Figure 14 . The magnitude of the vertical wavelength is comparable between observation and models but the seasonal variability of the radar observation is stronger than models. The GSWM captures the seasonal variation in terms of the shortening of the vertical wavelength near the equinox, especially in the zonal wind of the GSWM00 while the WACCM does not. Instead, an annual cycle in the WACCM shows longer vertical wavelengths for the zonal wind in summer and shorter ones in winter. For the diurnal tide in the zonal wind, both models do not generate long vertical wavelengths in winter as observed.
Discussion
[48] The SAO in the amplitude of the diurnal tide has been extensively reported using observations and simulated by both general circulation models and mechanistic models. The underlying mechanisms associated with the seasonal variability of the diurnal tide involve the interference of different tidal components or different tidal modes, as we discussed in section 1. The mechanisms can also be tidal heating source, mean wind and wave and wave-wave interactions. It is found that the tidal heating is most symmetric at equinoxes and project most efficiently onto the first symmetric propagating mode (1, 1) of the migrating diurnal tide, which is partly responsible for the stronger diurnal tides at equinoxes at latitude 20° [Forbes and Zhang, 2001] . However, the heating source alone cannot fully explain the amplitude and phase variations of the diurnal tide and mean wind plays a role as well [McLandress, 2002a] . The mean wind is also found to be the only cause for the phase variation [McLandress, 2002a] . The importance of mean winds on the seasonal variation of the diurnal tide was also addressed by Achatz et al. [2008] . Meanwhile, they noticed that PWs take an active role in interfering with the diurnal tide.
[49] Norton and Thuburn [1999] proposed that the nonlinear interaction between the tide and quasi 2 day PW (QTDW) is a potential cause for the tidal variability as an anticorrelation of their amplitudes was observed. The anticorrelation between QTDW and diurnal tide was also reported by Lima et al. [2004] on the basis of the meteor radar observation. Palo et al. [1999] simulated a QTDW event using the thermosphere-ionosphere-mesosphere electrodynamics general circulation model (TIME GCM) and found that a significant amplitude decrease of 40%-50% occurs for DW1 when the QTDW is present.
[50] Another potential mechanism is attributed to the GW-tidal interaction. GWs can break and deposit momentum to mean flows as their amplitudes grow large enough to induce instability [Lindzen, 1981] . This momentum deposition will modulate the amplitude and phase of the diurnal tide and may result in seasonal variabilities because of the inherent variations in GW sources and/or filtering effects from mean winds and tides. Unfortunately, it is still not clear whether the interactions would increase or decrease the diurnal tide since different parameterizations for capturing small scale GWs lead to different conclusions. One conclusion that GWs suppress the diurnal tide in the MLT region was drawn by Miyahara and Forbes [1991] and Forbes et al. [1991] on the basis of Lindzen's GW parameterization scheme [Lindzen, 1981] . Conversely, the conclusion using Hines' Doppler spread parameterization (DSP) [Hines, 1997a [Hines, , 1997b Mayr et al., 1998 ] is that GWs enhance the diurnal tide. The role of the GW forcing on the diurnal tide is still an open question.
[51] It should be noted that all the current explanations for the seasonal variability of the diurnal tide are mostly based on models, which are highly dependent on GW and other physical parameterization schemes. Until now, observations of GWs are still insufficient to provide a constraint on modeling and allow the development of a more realistic GW scheme. So some explanations are valid only for a specific self-consistent model with its own GW scheme. Observations on those resolved waves such as tides and planetary waves can be used as a verification to models and more observations on the heating rates, mean winds and GW characteristics are also required to improve models and lead to better explanations of the tidal variations.
Conclusion
[52] On the basis of the meteor radar wind measurement during , the seasonal variabilities of the diurnal tide including the amplitude, phase, vertical wavelength, growth and dissipation rates are investigated. The SAO is dominant in the amplitude variation above ∼ 88 km with maximum amplitudes observed at equinoxes and minima at solstices. The tidal amplitude of the meridional wind exceeds the zonal wind by a factor of ∼ 1.5.The AO and QBO are also observed but with weaker intensities as compared with the SAO. The AO dominates the phase variation such that the phase changes with season annually and advances to an earlier local time in winter. On average, the phase of the diurnal tide advances by ∼3 h in winter compared with summer for the zonal wind and ∼6 h for the meridional wind. The variability of the vertical wavelength shows a clear seasonal trend characterized by shorter wavelengths at equinoxes. The shortest vertical wavelength is observed at the fall equinox with a value of ∼25 km. In winter, waves are more likely to become evanescent with longer vertical wavelengths. The diurnal tide can propagate up to ∼95 km but is severely dissipated above that, with many cases in which it propagates freely before dissipation.
[53] The migrating diurnal tide in the horizontal wind is derived from SABER temperature by applying the HME analysis and the nonmigrating diurnal tides are derived from the TIDI wind data. The reconstructed diurnal tide is obtained by superposing migrating and nonmigrating diurnal tides, which is found to be very consistent to the ground-based radar observations in terms of amplitude seasonal variations. And the satellite observations suggest that nonmigrating tides modulate the amplitudes of the total diurnal tide but the SAO of the amplitude is largely contributed by DW1. DW2 is the strongest nonmigrating diurnal tide in the meridional wind, with maximum amplitudes in the fall and winter. Both DW2 and DE3 are important nonmigrating tidal components in the zonal wind. The AO of DE3 in the zonal wind is noticeable and it has the largest amplitudes during AugustSeptember.
[54] The comparisons between the meteor radar observation and the models (GSWM and WACCM) show both consistency and discrepancy. The seasonal variabilities of tidal amplitudes are well captured by both models. The GSWM00/02 tends to overestimate the maximum amplitude while the WACCM simulation is closer to the observation. The prediction on the peak altitude is higher than observation. The AO of tidal phases are also reproduced by models but with noticeable phase differences between models and observation. The simulated tidal phases in the GSWM00/02 lead those in the observations, while the phases in the WACCM lag the observations. The observed vertical wavelengths are comparable in magnitude with model predictions but the vertical wavelengths observed by the meteor radar vary more significantly than model prediction during the year.
[55] In this paper, we showed that the GSWM and WACCM are capable of reproducing reasonable seasonal variations of the diurnal tide. For the future work, we will apply these two models to study the mechanisms causing the seasonal variations of the tidal characteristics observed by the meteor radar in Maui. It is hoped that the reasons for the discrepancies between models and observations will be resolved, thus leading to potential model improvement. Meanwhile, the interactions between tides and GWs, tides and PWs will be further investigated in detail.
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